INTRODUCTION
Carbonic anhydrase (CA, EC 4.2.1.1) catalyses the reversible hydration of CO # [1] . There are three independent CA gene families : α-CA, β-CA and γ-CA [2] . Within the α-CA gene family, nine CA isoforms and three CA-related proteins have been discovered from mammals and designated CA I to CA XII [1, 2] . They differ in many aspects such as activity, subcellular localization, tissue distribution and domain structure. For example, these proteins are cytoplasmic (CA I, II, III and VII), mitochondrial (CA V), membrane-bound (CA IV, IX and XII) or secreted from cells (CA VI). However, all twelve proteins share significant sequence similarity in the common CA domain of approximately 260 amino acid residues. Only the membranebound (CA IX and XII) and secreted proteins have additional domains.
CA VI is specifically expressed in the salivary gland of a number of mammalian species. The amino acid sequences are highly conserved across the species [3, 4] . For example, the mature bovine CA VI is 87 % and 68 % identical with the sheep and human proteins respectively [5] . In addition to the three histidine residues conserved in all active members of the CA family, the mature CA VI consists of the following unique structural features (see Figure 1A ). The CA domain has an internal disulphide bond and two N-linked oligosaccharides that can also be sulfated. The C-terminal extension is rich in hydrophilic amino acids. The proposed functions of CA VI include the maintenance of pH and bicarbonate levels in saliva or even in the upper alimentary canal [6] . It has recently been shown that CA VI is the same as gustin, a Zn-metalloprotein constituting approx. 3 % of human parotid saliva protein, which is decreased in patients with loss of taste and is associated with pathological morphology of taste buds [7] .
The growing number of members of the α-CA gene family offer a great opportunity to investigate their evolution with comparison of the known gene structures. One group consists of the cytoplasmic (CA I, II, III and VII) and mitochondrial (CA V) members. The other group consists of the membrane-bound (CA IV and IX) and secreted (CA VI) members. In particular, the seven exon\intron boundaries in the CA domain of the CA6 gene are conserved in the CA9 gene, which encodes the multidomain protein CA IX that is overexpressed in tumours and has transforming potential.
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regard to their structure, function and regulation. Especially with recent discoveries of overexpression of CA IX and XII in certain cancers [8] [9] [10] , it is necessary to elucidate the gene structures of individual members as one of the first steps towards understanding the regulation of these CA genes in both physiological and pathological processes. Here we describe the first gene structure for CA VI and compare it with other known gene structures of the α-CA family.
EXPERIMENTAL

Library screening
The SphI-XhoI fragment of the cloned bovine CA VI cDNA [5] was labelled with $#P by using a Prime-A-Gene kit (Promega). The resulting probe was used to screen a λDASH II bovine genomic library (Stratagene) under the conditions recommended by the supplier. Putative plaques were verified by secondary screening. Positive clones were subjected to Southern blot analysis by using the cloned cDNA as a probe to identify the fragments that contained the exon sequences of the CA6 gene. These fragments were subcloned into plasmid pBluescript (Stratagene) by either PCR or restriction enzyme digestion.
PCR cloning
Most of the templates used in the PCR cloning were DNA from five GenomeWalker libraries. The construction of the GenomeWalker libraries and general conditions for PCR amplifications were performed as described previously [11] . A CA6-specific primer (Primer 1 ; see Table 1 ) and an adaptor primer (AP1) were used in the initial round of PCR. The resulting PCR products were diluted and used as templates in subsequent PCR with a second CA6 primer (Primer 2 ; see Table 1 ) and AP2. The final PCR products were separated by agarose-gel electrophoresis, Figure 1 Overview of the bovine CA6 gene (A) The cDNA and protein structure. The 5h and 3h untranslated regions (UTR) are shown as horizontal lines. The coding sequence is divided into three regions (boxes), indicated as follows : S, signal peptide absent from the mature, secreted protein ; carbonic anhydrase, the region showing sequence similarity to other CAs (see Figure 3) ; C, the C-terminal extension that is unique to CA VI. The numbers along the coding sequence indicate the positions of the amino acid residues at the beginning and end of each region as well as those involved in the following : residues 23 and 205, cysteine residues that form an internal disulphide bond ; residues 48 and 237, asparagine residues responsible for N-linked glycosylation (Y-shaped structure) ; residues 92, 94 and 119, three histidine residues that bind zinc. The numbering system is the same as that used previously [5] . isolated by the GeneClean procedure (Bio 101), and ligated into a TA-cloning vector, pCR2.1 (Invitrogen) or pGEM-T Easy (Promega). Bovine genomic DNA was also used as a template in PCR to amplify CA6 fragments directly with primers 1 and 2 (see Table 1 ).
Sequence analysis
Plasmid DNA was sequenced at the Molecular Genetics Core Facility of our institution with an ABI Prism automated sequencer. The determined genomic sequences were compared with the cDNA sequence to identify exons, introns and their boundaries. The exons and exon\intron boundaries were sequenced on both strands. The sizes of introns were estimated by agarose-gel electrophoresis of restriction fragments. The amino acid sequences of CA with known gene structures were aligned with Clustal W [12] and adjusted manually. The Transfac database containing known transcription-factor-binding sites was searched with the 5h flanking region by using MatInspector [13] .
RESULTS
Isolation of CA6 genomic clones
Two positive clones were isolated from the screening of the λDASH II bovine genomic library with the SphI-XhoI fragment of the cloned bovine CA VI cDNA [5] . Southern analysis of the two clones showed that clone m ( Figure 1 ) contained more exon sequences than the other clone. However, clone m did not contain the entire CA6 gene.
Figure 2 Exon/intron structure of the CA6 gene
The 5h and 3h flanking regions as well as the exon sequences are in capitals ; the intron sequences are in lower-case. The amino acid sequence is below the coding sequence. Potential transcriptionfactor-binding sites are underlined and the names of the factors are indicated. The potential TATA box is italicized and underlined. The nucleotide corresponding to the 5h end of the largest cDNA clone is doubly underlined, as is the nucleotide corresponding to the end of the cDNA before the poly(A) tail. The polyadenylation signal is underlined.
To obtain genomic fragments covering the remainder of the CA6 gene, a genome walking approach was taken. Templates, either the GenomeWalker libraries or the bovine genomic DNA, were amplified by PCR with primers synthesized on the basis of the determined sequences (Table 1) . For the GenomeWalker libraries, two rounds of PCR were necessary to obtain pure products with significant yields. Twelve PCR fragments were obtained and the resulting plasmid clones (clones a to l in Figure  1 ) were sequenced. The twelve PCR clones, together with the λDASH II clone m, covered the entire CA6 gene (Figure 1 ).
Exon/intron structure of the CA6 gene
The bovine CA6 gene spans approx. 25 kb and consists of eight exons and seven introns (Figures 1 and 2) . Exon 1 encodes the 5h untranslated region, the signal peptide and the N-terminus of the mature enzyme. Exon 8 encodes the 3h untranslated region and the C-terminal extension that is unique to CA VI. Exons 2-7 encode the CA domain, which shows significant sequence similarity to other CAs. The splice donor and acceptor sites of all seven introns conform to the consensus sequences GT-AG [14] . The exons are small, ranging from 70 bp (exon 5) to approx. 420 bp (exon 8) in size. In contrast, the introns are large, ranging from 1.5 kb (intron 5) to approx. 5 kb (intron 2) in size. Overall, approx. 6 % (1.5\25 kb) of the CA6 gene corresponds to the exon sequences.
5h flanking region
The 5h end of the published bovine CA VI cDNA [5] corresponded to nt 1696 (Figure 2) . Sequencing of the several additional cDNA clones, however, revealed that the 5h end of the largest
Figure 3 Alignment of amino acid sequences of the bovine CA VI and the human carbonic anhydrases with known gene structures
Numbers above the aligned sequences correspond to numbering of amino acid residues in CA I [8] . The CA VI sequence is also numbered at the right in accordance with Jiang et al. [5] . The positions of introns are represented by vertical bars and the introns in the CA6 gene are numbered below the bars as in Figure 1 cDNA corresponded to nt 1576 (doubly underlined in Figure 2 ). The new 5h end might correspond to the start site for transcription because the size of the largest cDNA (1.45 kb) matched that of the mRNA (1.4 kb). A sequence of CATAAA showing similarity to the TATA box resides 50 bp upstream of the new 5h end. A total of 131 matches to the known transcription factor-binding sites were found from the Transfac databases in the 5h flanking region. Two of these, GTGACTCAGCA and TCCCCACT, are underlined in Figure 2 , which were 100 % identical with both the core and matrix sequences of DNA motifs recognized by transcription factors NF-E2 p45 [15] and MZF1 [16] .
Comparison of the CA6 gene structure with other members of the α-CA family
The gene structures of the following human CAs have been reported : I [17] , II [18] , III [19] , IV [20] , V [21] , VII [22] and IX [10] . The comparison of these gene structures with CA6 clearly showed that the members of the α-CA gene family evolved from the same ancestor ( Figure 3 ). All the α-CA genes with the exception of CA4 contain six introns in the CA domain, whereas CA4 has an additional intron. Three introns in the known gene structures corresponding to introns 3, 4 and 6 of the CA6 gene are present in identical positions and are all phase 0 introns, lying between two codons [23] . Furthermore, the comparison also revealed that the members of the α-CA gene family can be divided into two distinct groups. One group consists of the cytoplasmic (CA I, II, III and VII) and mitochondrial (CA V) members, which have three more introns in identical positions and phases. The second group consists of the membrane-bound (CA IV and IX) and secreted (CA VI) members, which have two more introns in identical positions and phases. The two introns correspond to introns 2 and 5 of the CA6 gene. Interestingly, CA6 is more closely related to CA9 than to CA4 because the positions of the first introns are also conserved between the CA6 and CA9 genes, whereas the CA4 gene has two introns in the adjacent area. Between the first and second groups, the positions of the introns corresponding to intron 5 of the CA6 gene are similar, but not identical because the introns in the first group are phase 0 introns, whereas the introns in the second group are phase 1 introns, lying between the first two nucleotides of a codon [23] .
The C-terminal extensions of CA VI and CA IX are encoded by additional exons that do not show significant sequence similarity between the two genes. Although there is one exon (exon 8) in the CA6 gene, there are two exons in the CA9 gene. The first CA9 exon encodes the transmembrane domain ; the second encodes the cytoplasmic tail.
DISCUSSION
Two distinct groups within the α-CA gene family
We have defined the gene structure of the bovine CA6 gene encoding CA VI, the secreted isoenzyme of the α-CA family (Figures 1 and 2) . The structure of the human CA6 gene has not been reported. Because of the high similarity between the cDNA sequences of the bovine and human CA VI [5] and the conservation between the exon\intron structures of the bovine CA6 gene and other human CA genes, it would be a surprise if the structure of the human CA6 gene were not similar to that of the bovine gene. The comparison of the known gene structures clearly divided the members of the CA family with known gene structures into two distinct groups : CA1-3, 5 and 7 being the first group and CA4, 6 and 9 being the second (Figure 3 ). In addition, the comparison revealed for the first time a closer evolutionary relationship of CA6 to CA9 than to CA4 in the second group. The second group might also include the CA12 gene encoding a second tumour-associated isoenzyme CA XII, which is closely related to the CA6 and CA9 genes in the CA domains [8, 9] . In conjunction with the phylogenetic analysis [2] , the members of the second group represent the oldest mammalian CAs evolutionarily.
The closer relationship between CA1-3, 5 and 7 in the first group is also reflected at the chromosomal locations of these genes. The CA1-3 genes are clustered on chromosome 8q22 [24] . The CA5 and 7 genes are in different regions of another chromosome, 16q24.3 and 16q21-23 respectively [21, 22] . In contrast, the three genes of the second group are not on chromosomes 8 and 16. The CA4 and 9 genes map to chromosome 17q23 and 17q21.2 respectively [9, 20] , whereas the human CA6 gene maps to chromosome 1p36.22-33 [25] .
The closer relationship between CA IV, VI and IX in the second group is also reflected at the levels of amino acid sequences. For example, the positions of two cysteine residues in CA IV and IX are identical with those in CA VI (indicated by F in Figure 3 ) that form an internal disulphide bond, a unique feature that was previously known only in CA VI. It is possible that in CA IV and IX these two cysteine residues also form a similar internal disulphide bond. Considering that the CA domains of the three enzymes are extracellular, the folding or the structure of these domains could also be similar.
There are two competitive hypotheses concerning the origin of introns, ' intron early ' and ' intron late ' [26] [27] [28] . Our observation of the identical positions and phases for the three introns corresponding to introns 3, 4 and 6 of the CA6 gene in the known α-CA gene structures favours the ' intron early ' hypothesis. The presence\absence and phase change of other introns could be the results of selective intron loss and base slippage through evolution. Our conclusion seems to be different from that of HewettEmmett and Tashian [2] , who found support for the ' intron late ' hypothesis. However, in their analysis of intron positions, they included the α-CA genes not only from human (CA1-5 and 7) but also from other species (Drosophila, Caenorhabditis and Chlamydomonas).
Regulation of the CA genes
The 5h flanking region of the CA6 gene contains the sequence CATAAA, which is similar to the consensus sequence of the TATA box (Figure 2 ). The CATAAA sequence is also present in the CA3 gene [19] ; a similar sequence, CATAAG, is in the CA1 gene [17] . Although a typical TATA box (TATAAA) is present in both CA2 [29] and CA4 [20] genes, it is not present in other CA genes (CA5, 7 and 9) [10, 21, 22] . Similarly, binding sites for several transcription factors such as SP1 are present only in a subset of the CA genes. The presence or absence of the TATA box and certain transcription-factor-binding sites in the different CA genes is not surprising because these genes all have distinct tissue expression patterns. Further investigation is required for the identification of control elements (promoter, enhancer and repressor) and cognate transcription factors that are responsible for regulation of the differential expression of the CA genes.
Many potential transcription-factor-binding sites were identified from the Transfac database in the 5h flanking region of the CA6 gene ; two of those that show 100 % identity with the consensus sequences for binding NF-E2 p45 and MZF1 are shown (Figure 2 ). NF-E2 (nuclear factor-erythroid 2) is an obligate heterodimer between haemopoietic-specific 45 kDa (p45) and widely expressed 18 kDa (p18) subunits, both members of the basic region-leucine zipper (bZip) family of transcription factors [15] . MZF1 (myeloid zinc finger 1) recognizes two distinct consensus sequences and has a critical role in haemopoiesis by modulating the expression of genes involved in this process [16] . The functional significance of the NF-E2 p45 and MZF1 binding sites in the CA6 gene remains to be determined. Nevertheless, the 100 % identities of the sites in the CA6 gene with the consensus sequences suggest the following possibilities. First, these two transcription factors might also regulate the expression of genes in the salivary gland in addition to those in the haemopoietic cells. Secondly, the salivary gland might contain transcription factors that are similar to NF-E2 p45 and MZF1. Thirdly, the CA6 gene might also be expressed in the haemopoietic cells, joining other members of the CA family known to have a role in haemopoiesis. For example, CA I is the second most abundant protein in human erythrocytes after globin and is a very early marker for erythroid differentiation [17] .
Functions of the CA6-related genes
The secreted CA VI has been proposed to have a role in pH regulation in saliva and to have a protective effect in the oesophagus and the stomach [1, 6] . The comparison of the gene structures in this report has shown that CA VI is closely related to the two membrane-bound isoenzymes (CA IV and IX), especially that (CA IX) overexpressed in certain cancers. This relationship raises two interesting possibilities. One is that more CA genes, especially those associated with cancer, will be discovered and will show close relationships to the CA6 gene. The other is that the expression of the CA6 gene itself might be altered in certain diseases and cancer, especially those associated with the salivary gland. For example, Thatcher et al. [7] suggested that CA VI might be involved in taste bud development and normal taste function because decreased levels of gustin\CA VI in human salivary samples were correlated with both loss of taste (hypogeusia) and pathological changes in taste buds. Therefore further investigation into the regulation of CA6 and related genes is necessary for an understanding of the diverse functions of the members of the α-CA family.
